Minimally invasive therapies by applying cavitation bubbles, such as histotripsy and gene transfer, have recently attracted attention. As a method to generate bubbles, the use of expansion waves is expected to be more effective than using shock waves or ultrasound. However, few studies have con rmed the effectiveness of expansion waves in generating bubbles. Previous studies have investigated this issue using biological targets. When contrast agents were injected prior to exposure to expansion waves, a larger hemorrhage was observed after the exposure. However, without contrast agents, little difference in hemorrhage was observed. Thus, at least with biological targets, it is still uncertain whether cavitation bubbles are generated more effectively by expansion waves or by shock waves. In this study, we developed a novel cavitation bubble observation system, and used it to observe bubble dynamics created by either expansion waves or shock waves. A spherical wave generated by electric discharge was focused using two re ectors: one was made of stainless steel for focusing shock waves, and the other was made of polydimethylsiloxane for focusing expansion waves. Using the new system, we clearly observed the generation and growth of bubbles. Comparing the dynamics of bubbles produced by expansion waves with those produced by shock waves, both generation and growth of bubbles were more remarkable with expansion waves. To understand the impact of albumin, which is present in vivo, on the generation of bubbles, bovine serum albumin (BSA) concentration at the focus region was altered. However, BSA concentration had little effect on the effectiveness of the expansion waves. Moreover, several parameters of the expansion wave, such as peak negative pressure and full width of half maximum (FWHM), were investigated to clarify which was the main contributor to the observed promotion of bubble dynamics. The results showed that peak negative pressure contributed substantially to the generation of bubbles when produced by expansion waves. In contrast, FWHM contributed mainly to the growth of bubbles. These results provide insight to understand the mechanisms of cavitation and may lead to clinical applications of expansion waves.
Introduction
Minimally invasive medicine has recently attracted attention. In particular, sound is widely utilized in such methods because it is readily transmitted and can be easily focused in biological tissues. In therapy based on acoustic energy that use ultrasound or shock waves, cavitation bubbles are considered to play important roles. The generation and growth of cavitation bubbles are described as follows. Once tensile forces are exerted in a liquid, cavitation bubbles are generated. Then, the bubbles increase in size because of dynamic oscillation, and nally collapse. Simultaneous to oscillation and collapse, high temperature and strong pressure are produced in the surrounding area. The high temperature and strong pressure may facilitate destruction of diseased areas or delivery of drugs.
In histotripsy, a lesion area is destroyed by cavitation bubbles that are activated by exposure to ultrasound [1] . In extracorporeal shock wave lithotripsy (ESWL), cavitation bubbles generated by shock wave exposure break calculi into small fragments [2] [3] [4] . In gene therapy, cell membrane permeability is increased after exposure to shock waves [5] . This increase in permeability was observed around the cells where cavitation took place [6, 7] . Therefore, the increase in permeability was thought to be triggered by cavitation, leading to gene induction [8, 9] . When sound is re ected at certain surfaces such as the water-air boundary, the phase of the re ected wave is inverted depending on the acoustic impedances of the media. When the acoustic waves travel from medium 1 to medium 2, the re ectance R at the surface is shown as follows:
where Z 1 and Z 2 represent acoustic impedances of the media that form the surface. At the water-air boundary, re ectance R is estimated to be approximately −1.0 because Z 1 for water is 1.5 × 10 6 kg/m 2 s, and Z 2 for air is 4.3 × 10 2 kg/m 2 s [10] . Therefore, when a shock wave is re ected at the water-air surface, the shock wave inverts its phase to form an expansion wave [10] .
Because cavitation bubbles are generated when sound pressure is negative, an expansion wave would be an effective way to generate cavitation bubbles. Expansion waves are considered promising candidates to generate cavitation bubbles for the fol-lowing reasons. First, the effects of heat do not need to be considered. Second, the therapeutic effect is expected to be controlled by adjusting the output of the energy source or device. Third, large negative pressure could be realized relatively easily compared with that with ultrasound [10] . Thus, to apply expansion waves for therapies using cavitation bubbles, the effectiveness of generating cavitation bubbles by expansion waves should be further validated. In addition, because expansion waves could be generated following re ection of shock waves at surfaces of tissues inside the body, the generation of cavitation bubbles by expansion waves should be validated for understanding the safety of shock wave therapies.
The effect of generating cavitation bubbles by expansion waves has previously been studied using biological targets [11, 12] . Bailey et al. [11] exposed Drosophila larvae to expansion waves and shock waves with pressure amplitudes in the range of 1-5 MPa. They concluded that larvae survival rates were similar for the two waves. Furthermore, murine lung hemorrhage also showed a similar effectiveness following exposure to expansion waves and shock waves. Dalecki et al. [12] targeted several types of tissues in mice, including skin, muscle, mesentery, fat, stomach, intestine, and kidney. They exposed tissues to expansion and shock waves with 3.6 MPa pressure amplitudes. In contrast to the study by Bailey et al. [11] , they injected contrast agents in the mice before exposure. The results con rmed that the expansion waves produced signi cantly more hemorrhage than the shock waves. However, without injecting contrast agents, the difference in hemorrhage was indistinguishable. Thus, with the addition of contrast agents, expansion waves effectively promoted the growth of cavitation bubbles. However, it is still not clear whether expansion waves promote the generation of cavitation bubbles without using contrast agents.
To clarify the increased ef cacy of generating cavitation bubbles by expansion waves, effective observation of cavitation bubble generation is necessary. Because previous studies [11, 12] used biological targets, it was dif cult to observe the generation of cavitation bubbles. In the present study, to understand whether the effectiveness of generating cavitation bubbles is promoted by expansion waves, the generation and growth of cavitation bubbles using expansion and shock waves were observed using a newly developed observation system. In addition, we characterized the parameters of the expansion wave to assess which wave contributed most to generate cavitation bubbles. Figure 1 shows the experimental setup. The experimental system consisted of a wave generating system and an optical observation system. After expansion and shock waves were generated with the wave generating system, the induced cavitation bubbles were observed with the observation system. Re ectors for expansion and shock waves were prepared as described in sections 2.2 and 2.3, respectively. After either expansion or shock waves were generated and re ected, they were transmitted into an acrylic tank. Another acrylic tank was positioned around the focus area of those waves to distribute bovine serum albumin (BSA) in solution. The wave generating system and the optical system were synchronized to observe the dynamics of the cavitation bubbles. Figure 2 represents the shock wave generator. Shock waves were generated by an electrical discharge. The high voltages required for producing the electrical discharge were generated with a high voltage power source (Sparkling Photon Co. Ltd., Tokyo, Japan). Two tungsten carbide electrodes (1 mm in diameter) were separated by a 0.1-mm gap. A high voltage was applied to the electrodes (4.0 kV) and an underwater pulse electrical discharge was induced. As a result, shock waves were generated. The generated shock waves were re ected with a stainless steel re ector. Because the pressure re ectance of stainless steel in water is 0.94 [10] , shock waves are re ected without inverting the pressure. The geometry of the re ector surface was ellipsoidal. Thus, when shock waves were generated at the primary focal point of the ellipse, re ected shock waves were focused at the secondary focal point. During the generation of shock waves, the re ector was lled with degassed ultrapure water to avoid acoustic attenuation. Figure 3 represents the expansion wave generator. To generate expansion waves, shock waves were rst generated by electrical discharge. The generated shock waves were then re ected with a re ector made of polydimethylsiloxane (PDMS, SILPOT 184 W/C, Dow Corning Toray Co. Ltd.). Because the re ectance of PDMS in water is −1.0 [10] , shock waves invert their phase to form expansion waves. The geometry of the re ector surface used for the generation of shock waves was ellipsoidal. Thus, the shock waves generated at the primary focal point of the ellipse are reected and focused at the secondary focal point of the ellipse as expansion waves. The gap between the electrodes was lled with degassed ultrapure water for effective electrical discharge.
Materials and Methods

System con guration
Generation of shock waves
Generation of expansion waves
The re ector made of PDMS was made as follows. First, the base and curing agents of PDMS were mixed in a 10:1 ratio and agitated. The fully mixed PDMS was degassed at 1.0 × 10 4 Pa for 30 minutes. Finally, degassed PDMS was poured into a stainless steel mold; the stainless steel re ector that was used for the generation of shock waves was also used for this purpose. For solidication, the PDMS was cured at 60 C for 20 h. For the PDMS re ector, the length of the acoustic path from the primary focal point to the secondary focal point should be identical. However, because the speed of sound in PDMS is dif- ferent than in water, the length of the sound path could vary. To constrain the length of the acoustic path, the PDMS re ector was dented at the interface between the PDMS and water. For this depression, a convex lens (LA1401, Thorlabs, Inc.) was placed on the surface of mixed PDMS during curing. The depression was spherical in shape, with a radius of 30 mm. The depression further rendered incident waves vertical to the cross section, thus eliminating refraction.
Adjustment of shock wave pressure
In our system, P+ (absolute value of positive peak pressure) of the shock wave was approximately 4.5 times as strong as P− (absolute value of negative peak pressure) of the expansion wave, according to the results described below. To compare cavitation under conditions of identical mechanical stresses on the exposed targets, a brass plate (diameter: 80 mm, thickness: 1 mm) was placed in the path of the shock waves to weaken P+, to make the P+ of shock waves and P− of expansion waves similar.
Medium nearby focus point
A second acrylic tank was positioned in the acrylic tank located above the re ector. At the bottom of this acrylic tank, a polystyrene thin lm (0.2 mm in thickness) was attached to avoid disturbing the transition of the waves. The acrylic tank was lled with either degassed ultrapure water or BSA (A8022, Sigma-Aldrich) solution. BSA is contained in bovine blood serum, and it is used as a carrier of fatty acids and ions [13] . Also, BSA is known to work as cavitation nuclei [14] . BSA solution was used at either 0.05% or 0.1%.
The distance between the surface (BSA solution or degased ultrapure water) and the focus was approximately 27 mm. Thus, we assume that the surface was far enough from the focus so as not to affect the cavitation dynamics during the short period of dynamic observations. If the distance is too short, the re ected waves that have inverted phase would affect the cavitation dynamics during the period of dynamic observations. With a distance of 27 mm, the time required to travel along the acoustic path (i.e., from the focus to the surface and to the focus again) was estimated to be approximately 36 μs. In this study, we excluded images collected 36 μs after the waves passed through the focus (see section 2.6).
Observation of the cavitation dynamics
We observed the generation and growth of cavitation bubbles with a high-speed camera (HPV-2A, Shimadzu Co., Ltd, Japan). A microscopic lens (Z16 APO, Leica Microsystems Co., Ltd.) and a eld lens (PlanApo2×, Leica Microsystems Co., Ltd.) were positioned in front of the camera. A metal halide lamp was used as the light source. The eld of view (FOV) was 6.93 mm × 5.78 mm (312 × 260 pixels). The focus of waves was set to coincide with the center of the FOV. The rate of observations was 1 Mfps (1 μs/frame) and the exposure time was 0.5 μs. Here, we de ned the coordinate system as follows ( Fig. 1) : the secondary focal point of the ellipse is the origin, the direction of light is the x-axis, and the direction of focused wave propagation is the z-axis. The y-axis was de ned to be perpendicular to the direction of wave propagation. 
Image processing
To quantitatively evaluate the observed cavitation dynamics, images were processed with Image J (1.47v, National Institutes of Health) as follows. First, we subtracted the background from images and then we performed edge detection on the objects in the image. Second, we subtracted the typical frame before the shock wave propagation. Finally, we binarized the subtracted image, counted the particles, and computed the area of particles (size: 0.01-10 mm 2 , circularity: 0.5-1.0). For each image, we therefore obtained two numerical values: the number of cavitation bubbles and the average size of the cavitation bubbles.
In this study, we evaluated the generation of cavitation bubbles by the number of cavitation bubbles. Because no cavitation bubbles were observed before exposure to expansion or shock waves, the number of cavitation bubbles should correspond to the newly generated cavitation bubbles. Because the number of cavitation bubbles uctuated after exposures, the maximum numbers were used as the data for our analyses. Furthermore, we evaluated the growth of cavitation bubbles by the average size of the cavitation bubbles. For the number of bubbles, the average bubble size uctuated after exposure. Thus, the maximum dimensions were used as the data in our analyses.
Experimental procedure
We exposed ultrapure water (Milli-Q Advantage, Merck Millipore Co., Ltd.), 0.05% BSA solution, or 0.1% BSA solution to expansion and shock waves, and conducted high-speed imaging. The charging voltage of the power source was 4 kV. The media were degased before every exposure, and the water between the electrodes was changed to remove the gas generated by discharge in the case of experiments with expansion waves. We repeated the experiments 10 times for each set of conditions. With the data obtained, we performed statistical analyses as described in the following section.
Statistical analysis
Data are presented as mean and standard deviation (S.D.). To compare the signi cance of the difference between expansion and shock waves, Welch s t-test was used. The signi cance is as follows: P < 0.05 is shown as * , P < 0.01 is shown as ** , and P < 0.001 is shown as *** . Figure 4 showing Schlieren images of shock waves and expansion waves traveling in the acrylic tank, con rming that both shock and expansion waves focus at the secondary focal point of the ellipse.
Results
Characteristics of pressure
First, we visualized the acoustic eld around the focus region. We measured the pressures of shock and expansion waves by placing a hydrophone (Müller-Platte Needle Probe, Dr. Müller Instruments) at the focus and repeating the measurement 10 times. Then, we moved the hydrophone in the y-direction, measuring the pressure 10 times each at y = ± 10 mm and ±5 mm. The de nition of the y-axis is described in detail in section 2.6. Table 1 shows the pressure distribution of the expansion wave. Based on the data of Table 1 , the peak pressure appears to be almost the same within y = ±5 mm. Table 2 shows the pressure distribution of the shock wave. Based on the data of Table 2 , the peak pressure appears to be less than half of the maximum pressure within y = ±3.5 mm. Because the FOV was 6.93 mm × 5.78 mm, we assume that the pressure in the FOV was uniform along the y-axis because the pressure is less than half of the maximum pressure. For the z-axis, the pressure distribution was found to be homogeneous (data not shown). Thus, we assume that the pressure in the FOV was also uniform along the z-axis.
Because the P+ of shock waves was approximately 4.5 times as strong as the P− of expansion waves, a brass plate was put in the path of the shock waves to weaken P+, to make P+ of shock waves and P− of expansion waves similar. Figure 5 shows representative pressure waveforms for the shock wave with the brass plate and for the expansion wave. The gure indicates that the brass plate weakened the P+ to the same level as P−. Table 3 Fig. 4 Schlieren images of typical waveforms:
(a) shock waves; (b) expansion waves. 
shows the pressures at the focus for the expansion and shock waves measured in ultrapure water, 0.05% BSA solution, and 0.1% BSA solution. Although the brass plate reduced the P+ of shock waves to nearly the same level as P− of expansion waves, P+ levels remained approximately twice those of P− levels. Figure 6 shows a representative image of cavitation bubbles generated after shock wave exposure (at 77 μs after application of high voltage; the shock wave passed the tip of the hydrophone at 42 μs). The hydrophone was positioned at the focus during every exposure to examine the correlation between peak pressure and bubble dynamics, which are described in section 3.3. Around the focus, generation of several cavitation bubbles can be seen. From the images, the maximum number and maximum average size of cavitation bubbles were derived. Figure 7 shows the maximum number and maximum average size of cavitation bubbles produced by expansion and shock waves. At the two concentrations of BSA, both the maximum number and maximum average size of cavitation bubbles were larger in the case of exposure to expansion waves than exposure to shock waves. This result demonstrates the effectiveness of expansion waves in the generation and growth of cavitation bubbles. In ultrapure water, P+ was typically nearly twice as large as P−. Nevertheless, the effectiveness of the expansion wave was immutable. (100)
Behavior of bubbles
Relation between pressure and bubbles
We further investigated the parameters of the expansion wave to determine which has the greatest contribution in generating cavitation bubbles. Two parameters were investigated: P− and full width of half maximum (FWHM). Figure 8 shows the correlation of P− with the number and with average size of bubbles under expansion wave. P− correlates positively only with number of bubbles. The correlation coef cients for P− and number of bubbles and for P− and average size of bubbles are shown in Table 4 . These results indicates that P− contributes to the generation of cavitation bubbles. Figure 9 and Table 5 show the correlation and correlation coef cients, respectively, for FWHM versus number of bubbles and for FWHM versus average size of bubbles under expansion wave. In contrast, FWHM correlates positively with the average size of bubbles, suggesting that FWHM contributes mainly to the growth of cavitation bubbles. In conclusion, when produced by expansion waves, the initial generation of cavitation bubbles is dependent on P− and subsequent bubble grow is dependent on FWHM.
Discussion
To demonstrate the increased effectiveness of expansion waves in generating cavitation bubbles, we observed the generation and growth of cavitation bubbles by expansion and shock waves using a newly developed observation system. In previous studies, only the growth of cavitation bubbles was observed because the studies focused on hemorrhage, which requires fully grown cavitation bubbles (i.e., inertial cavitation) [11, 12] . With our newly developed observation system, we can clearly observe both the generation and growth of cavitation bubbles. Our observation system shows that expansion waves are more effective at generating cav- itation bubbles than shock waves. Furthermore, generation of cavitation bubbles is more dependent on P− of the expansion wave, whereas growth of the bubbles is more dependent on the FWHM of the expansion wave.
The imbalance between P+ of the shock wave and P− of the expansion wave (approximately 5 times in amplitude) was compensated using a brass plate, which attenuated P+. This imbalance could not be explained by the difference in re ectance between stainless steel and PDMS in water alone. Other possible reasons include the differences in nonlinearity and attenuation. However, the differences in refraction and propagation length were successfully excluded in our system. Therefore, they are unlikely to be signi cant causes of the imbalance. Because the effects of nonlinearity and attenuation increase in accordance with propagation length, these effects would be eliminated if the system is downsized.
With expansion waves, following a negative pressure, positive pressure was mostly observed (Figure 5b) . With shock waves, following a positive pressure, negative pressure was mostly observed (Figure 5a ). In the case of expansion waves, the time lag between the arrival of negative pressure (50 ± 0 μs) and positive pressure (74 ± 14 μs) was 24 μs. In the case of shock waves, the time lag between the arrival of positive pressure (41 ± 0 μs) and negative pressure (54 ± 13 μs) was 13 μs. It remains unclear how negative or positive pressure affects the results obtained in this study. It is possible that in the case of expansion waves, cavitation bubbles are generated and grow under negative pressure. If the cavitation bubbles grow suf ciently within 24 μs, they presumably survive even under positive pressure. Thus, the time lag could affect the results obtained in this study.
The BSA concentrations used in this study ranged from 0 to 0.1%. This concentration range is lower than that in plasma. Because albumin concentrations in humans are normally higher than 3.5% [18] , the concentration of BSA used in this study was signi cantly lower than that in vivo. In our experiments, we did apply expansion and shock waves to solutions with higher concentrations of BSA. However, the generation of cavitation bubbles was suppressed for unknown reasons (data not shown). Suppression of cavitation affects the propagation of acoustic waves, which may result in some events. In other words, the suppression caused by high BSA concentration is relevant to the therapeutic ef ciency and potential tissue damage. Therefore, clarifying the mechanism of this suppressing effect would help us improve the safety of shock-wave therapy. However, because the main objective of this study was to compare cavitation bubbles produced by two different wave types (i.e., expansion and shock waves), the phenomenon of suppression by higher BSA concentrations will be addressed in further studies.
The PDMS re ector described in this study could be applied to clinical use. Nevertheless, some challenges remain to be overcome. First, P− should be controllable within a wide range. In this study, P− was controlled by the voltage of electrical discharges. As was used to control P+ in shock waves, a brass plate could also be used for controlling P−. However, because P− appears to affect the generation of cavitation bubbles, P− should be controlled more precisely and adjusted in different clinical settings. Second, the FWHN should also be controlled because it appears to affect the growth of cavitation bubbles. To control FWHM, it will be important to understand the effects of the geometry of the PDMS re ector on the FWHM. Third, nonlinearity and scattering of the expansion wave need to be studied further. In this study, simple solutions such as ultrapure water, 0.05% BSA solution, and 0.1% BSA solution were used in the acoustic path. However, in clinical use, nonlinearity and scattering of expansion waves in human tissues should affect both P− and FWHM at the focus. These challenges will be addressed in future studies.
Precise exposure of expansion waves to clinical targets is required. For example, adverse effects such as hematuria and subcapsular hemorrhage observed after ESWL treatment [15] should be avoided. Similar damage could take place in other tissues with damage to capillaries [16, 17] . In another example, lesion areas near the lung may be ineffective in transmitting expansion waves. In this case, expansion waves presumably inverse phase to form shock waves in the presence of large quantity of air contained in the lung, and the effectiveness in generating and growing cavitation bubbles is lost. For such lesion areas, ideally the waves should not pass through the neighboring lung tissue. In such examples where precise exposure is required, a small expansion wave generator that can be attached to forceps would be a useful therapeutic device.
Conclusion
For effective generation of cavitation bubbles in shock wave therapy, the effectiveness of expansion waves was examined with a newly developed cavitation bubble observation system. In the system, both expansion and shocks waves were produced simply by switching between acoustic re ectors: one made of PDMS and the other made of stainless steel. To understand the impact of albumin, which is present in vivo, on the generation of cavitation bubbles, the focus region was lled with various concentrations of BSA (0-0.1%). As a result, expansion waves generated cavitation bubbles more effectively compared with shock waves. This effectiveness did not diminish at different BSA concentrations. Based on the relations between expansion wave parameters (P− and FWHM) and bubble dynamics (number and average size of bubbles), it was further demonstrated that P− of expansion waves primarily affects the generation of cavitation bubbles. In contrast, FWHM mainly affects the growth of bubbles. Thus, expansion waves with larger P− and longer FWHM likely generate and activate cavitation bubbles more ef ciently. Considering nonlinearity and attenuation, we propose that a small device that can generate strong and long expansion waves would be the most useful approach to optimize cavitation bubbles used in shock wave therapy. (104)
